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Introduction 



Thorium- Argon lamps are the most popular choice for wavelength calibration 
on high-resolution grating spectrographs. The wealth of emission lines, the 
lack of hyperfine splitting for the only isotope of thorium naturally occuring 
( 232 Th), and its heavy weight, that results in a very small Doppler broad- 
ening, makes of this actinide a good choice. Thorium (Z=90) is responsible 
for most of the emission lines observed in the optical spectrum emitted by 
a hollow-cathode Th-Ar lamp. In this type of lamp, an electric discharge 
ionizes Ar atoms, which are accelerated into the cup-shaped thorium cath- 
ode. The Ar II ions sputter Th atoms that get excited by collisions and then 
radiatively decay to lower levels. 

Using a state-of-the-art CCD, a short exposure can register with high 
quality the spectrum of a commercial hollow-cathode lamp, even at very 
high dispersion. The appearance of the spectrum changes depending on the 
characteristics of the lamp (e.g. the vendor), the spectral resolution, the 
electric current applied, and also as a result of aging. For this reason, atlases 
of the spectrum of the calibration sources are commonly prepared for specific 
combinations of lamps/spectrographs. In fact, almost all recently developed 
spectrographs are provided with maps of the spectra of their wavelength- 
calibration sources. Often, these maps are accessible through the World 
Wide Web (WWW), taking advantage of the added flexibility compared to 
printed copies (e.g. UVES on the Very Large Telescope, FEROS on the ESO 
1.52m, UCLES on the Anglo- Australian Telescope, MUSICOS on the Isaac 
Newton Telescope, the Coude spectrograph on the KPNO 2.1m, or UES on 
the William Herschel Telescope). 

To produce one such atlas for the 2dcoude (Tull, MacQueen, Sneden & 
Lambert 1995) at a resolving power R ~ 60,000 is an easy task, as the cross- 
dispersion allows for a large spectral coverage - the complete optical range 
can be acquired in just two exposures. As part of a survey of nearby stars, we 
recently observed a number of standard stars that are likely of wide interest 
for other observers. With little more effort the Th-Ar exposures obtained for 
the survey were combined to produce an atlas. 

The Th-Ar linelist commonly used for calibration in IRAF, (Willmarth 
1992) provides standard (15° C, 760 torr) dry air wavelengths for 3056 fea- 
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turesf]. The line list seems to be a combination of the identifications of Palmer 
and Engleman (1983) for Th and Norlen (1973) for Ar. About 90 % of the 
lines are attributed to neutral or ionized Th. Palmer and Engleman used the 
Fourier Transform Spectrometer (FTS) at Kitt Peak National Observatory. 
They quote an average accuracy for their wavenumbers of 0.002 cm -1 , which 
is equivalent to 0.0002 A at 3000 A and 0.001 A at 7000 A. It became ap- 
parent that the McDonald spectra would provide similar, and in some cases 
improved, precision. For this reason, and because errors in the FTS mea- 
surements have a different dependence with wavelength or line strength than 
they do in our grating spectrograph, the wavelengths labeling lines in this 
atlas are those determined in the McDonald spectra. 

Some users may be happy with this printed version of the 2dcoude Th- 
Ar atlas. However, further advantages can be obtained from the digital 
version that is available through the WWW. With prior knowledge of the 
central wavelength or order, the presentation of the atlas can be changed 
interactively to match the actual spectral setup. 

Acquisition and Reduction of Data 

The Th-Ar hollow-cathode employed is a Westinghouse lamp, Type WL- 
23418, powered with a 14 mA current. This lamp has been used at McDonald 
since December 1992. The detector was TK3, a thin 2048 x 2048 Tektronix 
CCD with 24 /zm pixels, which was installed at the R ~ 60, 000 focus F3. 
We used grating E2, a 53.67 gr mm -1 R2 echelle from Milton Roy Co. We 
used slit #4, which has a central width of 511 fim (or approx. 1.2 arcsec on 
the sky). We refer the reader to Tull et al. (1995) for more details about the 
instrument. 

The exposures used in this atlas were obtained in three different epochs 
(December 2000, May 2001, and September 2001), as part of a survey of 
nearby stars (Lambert, Allende Prieto & Cunha 2001). We scaled and com- 
bined 42 individual exposures obtained centering 5112 A in order 67 in the 
middle of the CCD (blue setup), and 29 exposures obtained with 5178 A 
(in the same order) at the center of TK3 (red setup). Figure 1 shows the 
area covered by the detector on the focal plane for each setup. Most of the 
exposures were 30s long, but some were up to a factor of three longer. 



: A recent Th-Ar atlas produced by Willmarth et al. with the KPNO 2.1 m coude 
spectrograph is available online from http://www.noao.edu/kpno/specatlas/. 
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Figure 1: Spectral setups employed in the making of the atlas. The boxes 
labeled as RED and BLUE show the size of TK3 on the focal plane. The 
horizontal rules indicate the free spectral range for each order. Order num- 
bers and the beginning and ending wavelengths for some orders (in A) are 
printed. 

Using IRAF tasks, we removed the bias, estimated from the overscan 
area, and we extracted the spectra. The apertures for extraction were de- 
fined with the help of a standard star (tracing of the orders) and the spectrum 
of a quartz lamp that is normally used for flatfield correction (width of the 
orders). Each of the individual spectra was calibrated in wavelength using 
the Th-Ar linelist available within IRAF (thar.dat), identifying about 1000 
lines per setup, and fitting a 4 th order polynomial in the dispersion direction, 
and a 5 th order polynomial in the cross-dispersion direction. The rms scatter 
was always in the range 0.0016 — 0.0026 A. No attempt was made to correct 
the instrumental response or the pixel-to-pixel sensitivity variations. Mixing 
observations from three different observing periods, with multiple changes 
between the two setups in each run, smoothes out most systematic sensitiv- 
ity variations between nearby pixels, as the positioning mechanism for the 
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grating is imperfect. 
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Figure 2: Full spectrum of the Th-Ar hollow-cathode used with the 2dcoude 
spectrograph. 

It is indeed desirable to keep corrections to a minimum, as the main goal 
of this atlas is helping 2dcoude observers in the identification of the Th-Ar 
spectrum. As an example, there is a number of spurious features in the 
orders next to some very strong features in the red. These artifacts cannot 
be generally matched with wavelengths of thorium or argon features, and 
they tend to have a distinctive shape. Therefore, we could easily clean the 
spectra of these features, but in doing so we would be altering significantly the 
aspect of the lamp spectrum as extracted by an observer for calibration. Most 
observers do not removed scattered light from the Th-Ar calibration spectra. 
At a resolving power of 60,000 the stray light is significant only in the red (see 
Fig. 2), and it has little impact on the accuracy of the calibration. We have 
not removed it from our spectra. Finally, many strong lines present in the 
red part of the spectrum are saturated. Observers intentionally overexpose 
those features in order to bring out weaker lines in the blue and near infrared. 
Very short exposures and a filter can provide more reliable intensities and 
wavelengths for those lines, but would alter their aspect compared to typical 
observations. Thus, we have not taken any measure to correct this problem. 
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The center of the lines identified in the McDonald spectra were deter- 
mined with the centerld algorithm in the IRAF task ecidentif y. For each 
of the lines whose wavelength was measured at least in twice in one of the 
setups, the average and standard error of the mean were determined. Multi- 
ple measures of a line occur because of the availability of multiple exposures 
for each setup, the overlap between the two setups, and the wavelength over- 
lap between adjacent orders. When average values were derived for a line 
measured in both the blue and red setups, which happened for half of the 
features, they were weighted with the inverse of the square of their standard 
errors, and averaged. 




Figure 3: Number of emission lines measured in the Th-Ar hollow-cathode 
spectra function of the resolving power. 



The final digital atlas available on the WWWQ covers the region between 
3611.9 and 10596.4 A. However, as the line identification was based on Will- 
marth's list, the pictorial atlas and the list of wavelengths was restricted to 
the interval 3642.2 A - 9664.7 A. To produce the pictorial atlas, we scaled 
the individual exposures by their level of counts, averaging them out after 
rejecting deviant pixels. We plotted the resulting spectrum in segments of 30 



Irttp : / /hebe . as .utexas . edu/2dcoude"^ 
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A, and labeled the lines keeping only the relevant number of digits. Table 1 
(Part III) lists the determined wavelengths and their uncertainty (standard 
error) . 

To determine the resolution of the Th-Ar atlas we selected 584 lines with a 
standard error in their wavelengths < 0.0002 A, and fitted a Gaussian profile 
with a constant background to the spectrum in an interval 0.4 A(A)/3700 
around the line center. Figure 3 displays the histogram of the lines as a 
function of the resolving power R= A/FWHM, which peaks at about 52,000. 
The intrinsic width of the lines only contributes about 10 % of the observed 
width. 
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9280 
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Wavelength (A) 
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3.0x10' 



2.5x10" - 



9585 9590 
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Wavelength (A) 
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2.0x10" - 



1.5x10" 



1.0x10" - 



5.0x10- 



9615 9620 



9625 9630 
Wavelength (A) 



9635 9640 
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3x10 L 



2x10" 



1 x10 



9645 9650 9655 9660 

Wavelength (A) 



9665 



9670 
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Part III 
Table of Wavelengths 
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Table 1: Wavelengths of the emission lines identified in the 2dcoude Th-Ar 
spectrum. 



Wavelength 




err 


Wavelength 




err 


Wavelength 




err 


(A) 




(A) 


(A) 




(A) 


(A) 




(A) 


3642. 


,24853 


0. 


.00112 


3825. 


.12491 


0. 


.00654 


3903. 


.10183 


0. 


.00121 


3659 


62650 


0. 


00130 


3826. 


.80854 


0. 


00036 


3911. 


.91417 





00022 


3690 


62366 


0. 


00108 


3828. 


.38477 


0. 


.00017 


3915. 


.86455 


0. 


.01413 


3700 


97999 


0. 


00068 

■ \J\J \J\J KJ 


3830 


77388 


0. 


00014 


3916 


41750 





.00015 


3706 

• ) t \J\J 


76779 


0. 


00053 


3834 


67914 


0. 


00086 


3919 


02226 





.00018 


3718. 


20606 


0. 


00022 


3836. 


.57938 


0. 


00021 


3923. 


.80175 





.00115 


3719 


43450 

. t: kj t: '.J V ) 


n 


00020 


3837 


87551 


n 

\J ■ 


00016 


3925 


09364 


n 


00014 


3721. 


82535 


0. 


00015 


3839. 


69598 


0. 


00017 


3925. 


.71947 





,00014 


3727. 


90288 


0. 


00023 


3840. 


.80021 


0. 


00036 


3928. 


.62424 


o 


,00014 


3729 


,30875 


0. 


00032 


3841. 


96102 


0. 


00016 


3929. 


66923 

■ \J\J U i-iKJ 


o 


,00013 


3737 


,92561 


0. 


.01275 


3845. 


.40428 


0. 


00036 


3932. 


.91121 


o 


,00018 


3741 


,18349 


0. 


00023 


3850. 


.58136 


0. 


00022 


3933. 


.66144 


o 


,00013 


3742 


92365 


0. 


00024 


3852 


13598 


0. 


00026 


3944 


26888 





.00040 


3751 


.02291 


0. 


00059 


3863 


40900 


0. 


00233 


3946 


10027 





.00012 


3752 


56886 


0. 


.00051 


3867 


.24425 


0. 


.04600 


3947 


50427 





00063 


3754. 


56993 


0. 


02304 


3868. 


52835 


0. 


00016 


3948. 


03039 





.00015 


o / oo. 


ZLR77Q 


0. 


00039 


tjouy. 


uuoou 


0. 


00050 


oy±o. 







.00013 


3765. 


.26845 


0. 


00016 


3872. 


.71423 


0. 


00062 

■ \j \j \j \j 


3950. 


.39461 


0. 


.00015 


3766. 


.11705 


n 
u. 


nnn97 


3873. 


.14831 


n 
u. 


uuuoo 


3952. 


75460 


n 

u. 


nnm q 


3771. 


,37037 


0. 


00036 


3873. 


.47211 


0. 


,00032 


3956. 


68939 


0. 


.00023 


3783 


.29770 


0. 


.00061 


3873. 


.82169 


0. 


00015 


3959. 


.29976 


0. 


.00014 


3785. 


.60968 


0. 


00780 


3874. 


24485 


0. 


00065 


3962. 


.41985 





.00166 


3789. 


.16546 


0. 


00017 


3874. 


.86203 


0. 


00016 


3967. 


39246 


0. 


.00019 


3790. 


.79348 


0. 


00204 


3875. 


37316 


0. 


00012 


3968. 


46750 





.00015 


3792 


.37284 


0. 


00040 


3879. 


64350 


0. 


.00597 


3969. 


00320 


0. 


.00026 


3798. 


.10282 


0. 


00028 


3886. 


.91636 


0. 


00016 


3972. 


.15111 





.00233 


3803. 


.07444 


0. 


00055 


3891. 


97950 


0. 


00040 


3972. 


63889 


0. 


.00038 


3809. 


.45611 


0. 


00031 


3895. 


.41889 


0. 


00016 


3973. 


19662 





.00022 


3818 


.68780 


0. 


00240 


3898. 


.44045 


0. 


00088 


3974. 


.47744 


0. 


.00021 


3820 


,80147 


0. 


.00894 


3900. 


.87941 


0. 


.00182 


3979. 


35600 





,00019 



120 



Wavelength 




err 


Wavelength 




err 


Wavelength 




err 


(A) 






(A) 




( A ) 


(A) 




\ A ) 


3980. 


.08941 


U. 


UUUol 


a a A a 

4049. 


A A O O A 

,94381 


U. 


nnnoo 
UUUZZ 


A A AA 

4100 


.34139 


U 


nnm n 
,UUU1U 


onnn 

3990. 


a a o a a 

.49204 


U. 


nnm t 
UUU1 ( 


A A V A 

4050. 


O O TO/" 1 

.88726 


A 

u. 


nnm t 
.UUU1 ( 


A A AO 

4102. 


.61733 


n 
U 


nnm 
.UUUlO 


3991. 


.73098 


U. 


UUUzo 


4052. 


AO 1 ,-1 O 

.92148 


A 

u. 


nnm 1 
UUU11 


A A AO 

4103. 


A AO OO 

.90823 


A 

U 


nnm o 
.UUUlo 


3994. 


f 1 a a r 1 

.54946 


U. 


UUUzo 


4053. 


.52770 


A 

u. 


nnm n 

uuuiy 


A A A A 

4104. 


O OO (~* A 

.38264 


A 

U 


AAA A O 
.UUU4Z 


3994. 


t a a a T 

.79207 


n 
U. 


UUU1 f 


4059 


,25315 


A 
U. 


nnm 1 
UUU11 


4105 


,91154 


A 

u. 


AAAO 1 

.UUUol 


A aa 1 

4001. 


.05800 


n 
U. 


AAA1 V 

.UUU1 f 


4063 


A A^70 /I 

,40734 


A 

u. 


nnntx 1 
UUUol 


A A A T 

4107. 


,05108 


A 
U 


nnn a i 
-UUU41 


4001. 


.89316 


(J. 


AAAO 1 

UUUzl 


4064. 


.33134 


A 

u. 


nnm t 

00017 


4107. 


.85865 


A 

U 


AAA A O 

.UUU48 


4003. 


.30940 


a 

0. 


AAAOO 

UUUzz 


4067. 


.45098 


A 

0. 


A A AO A 

00020 


4108. 


.41999 


A 




AAA A A 

.00010 


4005. 


A A O O A 

.09284 


0. 


00013 


4069 


.20193 


A 

0. 


nnm a 

00014 


4109. 


.32385 


A 




AAA A O 

.00013 


4007. 


.02140 


(J. 


UUUz9 


4069 


O A A A A 

.39009 


A 

u. 


no i ot 

.U2187 


4110. 


.83159 


A 

U 


AAAO A 

.UUUoU 


4008. 


.21038 


U. 


nnm c 
UUUlO 


A A TA 

4070. 


A O O .1 .1 

.23844 


A 

u. 


UUUUo 


A 1 1 O 

4112. 


T P" A f A 

.75454 


A 

u 


AAA 1 Q 

.UUUlo 


a AAA 

4009. 


A A AO A 

.04934 


U. 


nnm n 
UUU1U 


A A 171 

4071. 


r7 a toa 

.74729 


A 

u. 


AAAO A 

UUUz4 


4115. 


T v o >~7 

.75876 


A 

u 


nnm a 
.UUU14 


A A A A 

4011. 


.74252 


(J. 


nnm c 
UUUlO 


A A To 

4072. 


AA /I A A 

.00494 


A 

u. 


nnm n 
UUU1U 


A A A r* 

4116. 


T -i o o A 

.71320 


A 

u 


nnm o 
.UUUlz 


4012. 


.49519 


U. 


nnm o 
UUUlo 


4072. 


.38508 


A 

u. 


nnm n 
.UUU1U 


4127. 


.41044 


A 

u 


A A A OA 

.UUUzU 


4013. 


.85758 


U. 


nnnoo 
UUUZZ 


4075. 


.50283 


A 

u. 


nnm o 
UUUlz 


4131 


,01065 


A 

u 


A ATA r 

.[}[){ VO 


A r\A A 

4014. 


171 TA O 

.71 703 


(J. 


AAAO A 

UUUo4 


/I A T/~» 

4076. 


r* O A A o 

.62903 


A 

u. 


nnm o 

.UUUlz 


A A O A 

4131 


TOO OO 

,72332 


A 
U 


AAA 1 A 

.UUU1U 


4018. 


.10663 


U. 


UUUo f 


4076. 


.94266 


A 

u. 


nnm n 

uuuiy 


4132. 


T V O AO 

,75302 


A 
U 


AAAOO 

.UUUzo 


4019. 


.12902 


U. 


nnm o 
UUUlz 


4079. 


,57448 


A 

u. 


nnm o 
UUUlz 


4134. 


,07106 


A 
U 


AAA 1 O 

.UUUlo 


4022, 


ATTT A 

.07774 


(J. 


nnm o 
UUUlo 


4080. 


,68241 


A 
U. 


AA A r 1 

.UUUol 


4140. 


.23543 


A 
U 


A aao r 

.UUUzo 


4024. 


.80275 


0. 


nnm p 

00016 


4081. 


.36752 


A 

0. 


AAAO r 

00025 


4142. 


.70123 


A 




AAA A A 

.00014 


a ao T 

4027. 


.00805 


n 
0. 


nnm o 
00012 


A a or* 

4082. 


O O O A T 

.38847 


0. 


00026 


A A A O 

4143. 


\ o TO 

.64878 





.00029 


a nan 

4029. 


.82527 


0. 


OOOzy 


A A O O 

4083. 


A f O V A 

.46851 


n 
0. 


nnm c 
0001b 


A A AO 

4148. 


1 O 1 O T 

.18137 


n 



,000z < 


4UoU. 


zy roz 


n 
0. 


nnnoo 
OOOoZ 


4UoO. 


A/1 1 fiQ 

.u4ioy 


n 
0. 


OOOoO 


A 1 KA 
4104. 


70A/I ^ 
. I ZU40 


n 



nm i o 
.OOllz 


4030. 


.84198 


0. 


nnm o 
OOOlo 


4085. 


,43359 


n 
0. 


nnn c 1 
OOOol 


4156. 


,51589 


n 



nnn i 
.00015 


4035. 


46067 


A 
u . 


nnn99 


4086. 


.52086 


n 


nnm ^ 

UUUlO 


4158. 


.59044 


n 

u 


nnm 9 

,UUU LZ* 


4036, 


.04768 


0. 


00013 


4087. 


,28528 


0. 


00036 


4159. 


,51987 


0. 


.03208 


4036, 


.56509 


0. 


.00015 


4088. 


,72665 


0. 


00023 


4161. 


,73971 





.00033 


4038, 


23024 


0. 


00105 


4089. 


,13772 


0. 


00016 


4162. 


,50844 


0. 


.00025 


4042. 


.89399 


0. 


.00013 


4094. 


.74665 


0. 


00038 


4163. 


,64922 





.00045 


4043. 


.39472 


0. 


00014 


4096 


,07566 


0. 


00025 


4164. 


,18033 





.00011 


4044. 


.41706 


0. 


00025 


4097. 


.74702 


0. 


.00012 


4165. 


.76641 





.00013 


4045. 


95927 


0. 


.00584 


4098. 


.73077 


0. 


00035 


4168. 


.63283 





.00005 


4049. 


.52934 


0. 


00614 


4098. 


.93161 


0. 


.00044 


4170. 


.53195 


0. 


.00012 



121 



Wavelength err Wavelength err Wavelength err 
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9632.64737 0.00058 

9657.79030 0.00379 

9664.70129 0.00074 



